This article reviews recent developments in the use of systemic targeted therapies for the treatment of advanced clear and nonclear cell renal cell carcinoma (RCC). The genetic/molecular basis of each form of RCC is discussed and current treatments and clinical trials are described.
INTRODUCTION
Renal cell carcinoma (RCC) has a global impact. Approximately 111 100 new cases and 43 000 deaths from the disease were seen among men in developed countries in 2008 alone [1] . In the United States in 2011, RCC ranked as the sixth and eighth most common malignancy in men and women, respectively, with an estimated 60 920 new cases and 13 120 deaths [2] . Approximately one in 64 Americans face a diagnosis of renal malignancy during their lifetime [3] .
Despite the proliferation of systemic targeted therapies designed to treat advanced RCC, durable complete responses remain elusive [4, 5] . This review will focus on recent clinical and preclinical studies that are likely to advance our ability to manage both clear and nonclear cell variants of RCC (Table 1) .
Whenever possible, trials are identified by their National Clinical Trial (NCT) number so the reader may easily find the study of interest on the National Institutes of Health's clinical trial registry website [6] .
CLEAR CELL RENAL CELL CARCINOMA
Clear cell RCC (ccRCC) is the most common histologic variant of RCC, comprising nearly 75% of all kidney cancers [7] . On the basis of the study of inherited clear cell kidney cancer, the kidney cancer gene von Hippel-Lindau (VHL) was identified in 1993 [8] . Subsequent work demonstrated loss of VHL in nearly 90% of sporadic ccRCC by either loss of heterozygosity, or epigenetic silencing [9 & ]. More recently, mutations in a number of genes affecting chromatin remodeling have been identified in ccRCC. The most prevalent of these is the PBRM1 gene, which is mutated in approximately 40% of ccRCC tumors [10 & ]. Further insights into these alterations and their role in ccRCC will likely improve our understanding of renal tumorigenesis and progression and lead to the development of novel therapeutic strategies.
Elucidation of the molecular pathways that are dysregulated following VHL tumor suppressor inactivation has opened the doors to an era of targeted therapy in the treatment of kidney cancer. Currently, six agents targeting this pathway, particularly components of vascular endothelial growth factor (VEGF) signaling (sunitinib, sorafenib, pazopanib, bevacizumab and interferon-a) and the mammalian target of rapamycin (mTOR) C1 complex (temsirolimus, everolimus), are U.S. Food and Drug Administration (FDA) approved for the treatment of advanced kidney cancer [11] [12] [13] [14] [15] [16] [17] ( Table 2 ). Most patients today receive a VEGF pathway antagonist, either sunitinib or pazopanib, as first-line therapy for metastatic disease, based on the demonstration that these agents prolong progression-free survival (PFS) compared with interferon-a or placebo, respectively. Despite the availability of a number of agents with activity, the most effective second-line therapy, as well as the optimal sequencing of these agents, remains unclear.
Both sorafenib and pazopanib are associated with an improved PFS compared with placebo in patients who have previously received cytokine therapy. In patients who have progressed on firstline therapy with a VEGF pathway antagonist, everolimus was hitherto the only agent shown to offer clinical benefit (modest prolongation of PFS compared with placebo in a randomized phase III study) [16, 18] (Table 2) . Axitinib, a potent, selective, second-generation VEGFR receptor (VEGFR) 1,2,3 inhibitor, was the subject of the recently concluded phase III AXIS trial that compared its efficacy with sorafenib, a first-generation VEGFR and RAF inhibitor, in the second-line setting. Rini Numerous targeted therapies have been approved by the Food and Drug Administration to treat metastatic clear cell RCC, but none have yet been approved specifically for nonclear cell histologies.
The optimal sequence and/or combination of targeted therapies for each histologic subtype of RCC need to be investigated via prospective trials.
Studying familial renal cancer patients can provide valuable insights into the pathogenesis of, and treatment for, the various subtypes of RCC. 175 sites in 22 countries who progressed on one firstline therapy containing sunitinib, bevacizumab, temsirolimus, or cytokines and were then randomized to receive axitinib (N ¼ 361) or sorafenib (N ¼ 362). Median PFS, as measured by response criteria in solid tumors (RECIST), was 6.7 months in the axitinib arm compared with 4.7 months in the sorafenib arm (hazard ratio 0.665; 95% confidence interval 0.544-0.812; P < 0.0001). Treatment was discontinued because of adverse events in 4% of patients receiving axitinib vs. 8% of patients treated with sorafenib. The AXIS study also evaluated symptom deterioration by incorporating two validated survey instruments: the Functional Assessment of Cancer Therapy Kidney Symptom Index (FKSI) questionnaire and the FKSI-Disease-Related Symptoms (FKSI-DRS) subscale, which is specifically designed to measure symptoms associated with advanced RCC. Time to symptom deterioration was defined a priori as two consecutive decreases of 5 points or more from baseline using the FKSI or 3 points or more using FKSI-DRS, which are the established standards with these instruments [20, 21] . Axitinib lengthened median time to symptom deterioration compared with sorafenib as measured by both the FKSI and FKSI-DRS (3.1 vs. 2.8 months, P < 0.014; and 3.7 vs. 2.9 months, P < 0.02, respectively). These data establish axitinib as a potential alternative in the second-line setting in ccRCC. At the time of this review, axitinib had not received FDA approval, but was endorsed by the US FDA Oncology Drugs Advisory Committee in December 2011.
Other studies examining drugs in the secondline or subsequent setting include a phase III comparison of dovitinib, a multikinase inhibitor that has activity against the fibroblast growth factor receptor in addition to VEGR, vs. sorafenib (NCT01223027) for patients with ccRCC who have failed both a VEGFR and mTOR agent. The primary endpoint is PFS by RECIST with a secondary endpoint of overall survival (OS). The RECORD-3 trial is looking at the importance of sequencing active agents via a randomized, open-label, multicenter phase II study that compares everolimus followed by sunitinib at progression vs. sunitinib followed by everolimus at progression in treatment-naive patients with metastatic RCC (NCT00903175). The primary endpoint is PFS after primary treatment. This trial has completed accrual, but results are pending.
PAPILLARY RENAL CELL CARCINOMA
Papillary RCC (pRCC) is the second most common histologic subtype of RCC, accounting for approximately 15% of all RCC diagnoses [7] . Currently, two types of pRCC, type 1 and type 2, are recognized and differ in their histologic morphology and gene alterations. Both hereditary and sporadic forms of these subtypes have been described.
TYPE 1 PAPILLARY RENAL CELL CARCINOMA
Hereditary papillary renal cancer, the familial form of type 1 pRCC, is characterized by activating germline mutations of the MET oncogene located on chromosome 7q31. Somatic MET mutations have also been detected in 5-13% of sporadic pRCC [22] . The MET oncogene encodes a membrane-spanning protein that serves as the receptor tyrosine kinase for hepatocyte growth factor (HGF). MET undergoes autophosphorylation when stimulated by its ligand, HGF, leading to downstream activation of an intracellular cascade including PI3K and mTOR. MET has been implicated in motility, proliferation, angiogenesis, and cell survival [23] .
Several strategies targeting the MET pathway are being explored, including antibodies against HGF and MET, as well as inhibitors of MET kinase activity. AMG 102, a human antibody to an epitope in the b-chain of HGF was evaluated in a phase II study of patients with advanced RCC [24] . Results from this trial were disappointing; only a single partial reponse was seen in the 61 patients treated at two dose levels, and the PFS in both dosing cohorts was modest. However, it must be noted that this study included patients with all histologic subtypes of RCC and did not select patients on the basis of evidence of MET pathway activation. Although AMG102 is unlikely to offer clinical benefit as a single agent in unselected patients, there may be a role for further evaluation of MET pathway antagonists in tumors with known MET pathway activation (NCT00422019). Foretinib is a dual MET and VEGFR2 kinase inhibitor that is being currently evaluated in a phase II study of patients with RCC (NCT00726323). Unlike previous trials of MET pathway antagonists, this trial is restricted to patients with papillary histology (both type 1 and 2 histologies are included). In addition, patients enrolled on this trial will be stratified on the basis of the presence of MET pathway activation to determine whether MET status impacts on response to the agent. On the basis of an interim analysis, foretinib appears to be well tolerated and has activity in pRCC, with the majority of patients experiencing some degree of tumor regression [25, 26] . The trial has completed accrual and final efficacy data as well as results from relevant biomarker analyses are expected soon.
Subgroup analyses of the pRCC patients enrolled in the global Advanced RCC (ARCC) trial has led to an interest in evaluating mTOR inhibitors in this disease. In this randomized phase III study, 55 patients with pRCC were identified. Those who received the mTOR inhibitor temsirolimus (N ¼ 25) had a better OS compared with patients who received interferon-a (N ¼ 30) [12, 27] . Median OS was 10.9 vs. 5.7 months and median PFS was 5.9 vs. 2.1 months in the temsirolimus and interferon groups, respectively [27] . These data have led to the RAPTOR trial (RAD001 in Advanced Papillary Tumor Program in Europe, NCT00688753) that is evaluating the efficacy of everolimus, an oral mTOR inhibitor, in pRCC. RAPTOR is a single arm, nonrandomized, multicenter phase II trial whose primary end point is PFS rate at 6 months.
In the United States, patients with advanced nonclear RCC histologies, including pRCC, can be enrolled in one of two nearly identical phase II trials comparing everolimus with sunitinib (NCT01185366 or NCT01108445). Both of these studies prohibit prior systemic therapy, use standard everolimus and sunitinib dosing, and have the primary endpoint of PFS by RECIST. In Canada and the United Kingdom, the same patient populations can enroll in NCT01108445 described above.
TYPE 2 PAPILLARY RENAL CELL CARCINOMA
Type 2 pRCC includes a variety of morphologically similar tumors and is usually associated with a poor prognosis [28] . In a hereditary form of pRCC, patients have germline mutations of the gene encoding the Krebs cycle enzyme, fumarate hydratase, which is located on chromosome 1. Patients with this condition, hereditary leiomyomatosis and RCC (HLRCC), have a propensity for developing cutaneous and uterine leiomyomas as well as a form of type 2 pRCC that is clinically aggressive with an early metastatic potential.
One well understood mechanism for the development of renal tumors in HLRCC patients is the acquisition of a 'pseudohypoxic' drive resulting from VHL-independent hypoxia-inducible factor (HIF) accumulation. Isaacs et al. [29] demonstrated that loss of fumarate hydratase leads to accumulation of fumarate, a competitive inhibitor of prolyl hydroxylase, which is a critical enzyme required for hydroxylation of HIF and its subsequent binding to VHL. Inhibition of prolyl hydroxylase interferes with VHL-dependent degradation of HIF and upregulation of hypoxia-inducible genes [30] . Recently, in an HLRCC model, fumarate hydratase loss was shown to result in a loss of oxidative phosphorylation and a shift to aerobic glycolysis, the so-called Warburg effect, as well as downregulation of cellular AMPK. The absence of fumarate hydratase and the resulting impairment of the Krebs cycle render fumarate hydrataseÀ/À cells extremely reliant on glycolysis and high ambient glucose for their energy needs [31 & ]. It may be possible to exploit the reliance of fumarate hydrataseÀ/À tumors on glycolysis by targeting critical steps in the glycolytic process or by interfering with the delivery of glucose to tumor cells. Several inhibitors of key glycolytic steps as well as other components of tumor metabolism are currently being evaluated in preclinical models or early clinical trials. It may also be possible to alter glucose delivery to tumor cells by means of targeting tumor vasculature. This is the basis for a phase II trial of combined VEGF/EGFR inhibition with bevacizumab and erlotinib in patients with HLRCC-associated pRCC and sporadic pRCC currently open for accrual at the National Cancer Institute (NCT01130519) [32] . In addition to response and survival endpoints, the prevalence of somatic fumarate hydratase alterations will be analyzed in sporadic pRCC to better understand the role of Krebs cycle defects in sporadic forms of this disease.
TRANSLOCATION RENAL CELL CARCINOMA
Xp11 translocation RCC is one of the newly identified RCC variants added to the WHO 2004 classification [33] . Translocation carcinoma is the result of gene fusions of the TFE3 transcription factor gene with one of a variety of other genes [34, 35] . Translocation tumors are typically considered a pediatric manifestation of RCC as they account for only a small percentage of adult kidney cancers [36] . These tumors overlap morphologically with ccRCC and pRCC and the incidence of translocation carcinoma may be underestimated in the absence of cytogenetic testing. These tumors are seen more commonly in younger, female patients, and tend to be clinically aggressive [37] .
The TFE3 protein is involved in cell growth and proliferation. Recent data suggest that TFE3 may play a role in the TGF-b signaling pathway, and appears to be important in transcriptional activation of the plasminogen activator inhibitor-1 via this pathway [38] . In addition, elevated expression of phosphorylated S6 has been described in translocation carcinomas, suggesting that the mTOR pathway may be a potential therapeutic target [39] . Lastly, TFE3 fusion proteins appear to induce transcriptional upregulation of MET and activation of downstream signaling, suggesting that MET may be a valid therapeutic target [40] .
There are very few clinical data to help guide management of patients with advanced translocation RCCs. Choueiri et al. [41] reported a retrospective analysis of 15 patients with translocation carcinoma who received anti-VEGF targeted therapy. The overall response rate was 20%, with a median PFS of 7.1 and OS of 14.3 months. A second retrospective study by Malouf et al. [42] reported on 21 patients with metastatic translocation carcinoma who received VEGFR and mTOR-targeted therapy. Seven patients achieved an objective response by RECIST and the median OS of the cohort was 27 months. These results suggest that VEGF pathway antagonists may have some activity in these tumors, but prospective clinical trials are needed to further define the role of these agents.
CHROMOPHOBE RENAL CELL CARCINOMA
Chromophobe RCC (chRCC) comprises approximately 5% of all RCC [7] . It is so named for its translucent appearance on light microscopy with H and E staining. chRCC are typically slow growing and are associated with favorable prognosis [43] . chRCC are characterized by hypodiploidy and loss of chromosomes 1,2,6,10,13,17, and 21 [44] . In addition, studies suggest there is dysregulation of mTOR and c-erbB2 signaling in chRCC [45] . Upregulation of KIT has also been demonstrated in chRCC. In one study, immunohistochemical staining of 29 chromophobe carcinomas demonstrated that 83% stained strongly for KIT, whereas none of the other RCC types expressed KIT [46] .
Hereditary chRCC is a feature of Birt-Hogg-Dubé syndrome [47] . This is an autosomal dominant renal carcinoma syndrome caused by germline alterations in the folliculin (FLCN) gene, located on chromosome 17p11.2 [48, 49] . FLCN loss has been shown to result in upregulation of the Akt-mTOR pathway both in vitro and in a conditional FLCN mouse knockout model [50] . In addition, FLCN À/À mice treated with rapamycin (mTORC1 inhibitor) had longer OS and regression of the cystic kidney phenotype engendered by FLCN loss [50] . There is a paucity of data examining responses of chRCC to conventional targeted therapy. In one retrospective study, among 12 patients with metastatic chRCC treated with sunitinib or sorafenib, three patients had a partial response and nine had stable disease for at least 3 months [51] . Several recent case reports have also suggested that mTOR inhibitors may have activity in chRCC. Patients with metastatic chRCC are eligible for inclusion in phase II trials of everolimus vs. sunitinib in nonclear cell RCC (NCT01185366, NCT01108445).
RENAL CELL CARCINOMA ASSOCIATED WITH SUCCINATE DEHYDROGENASE LOSS
Germline mutations affecting succinate dehydrogenase subunit B (SDHB) have been associated with hereditary paraganglioma and pheochromocytoma. Recently, early onset renal tumors including ccRCC, chRCC, and oncocytomas were identified as part of this hereditary syndrome [52] . Loss of SDHB activity leads to accumulation of succinate and inhibition of prolyl hydroxylase activity with consequent stabilization of HIF and upregulation of its downstream transcriptional targets [53] . As with HLRCC-associated tumors, disrupting tumor vasculature with agents such as VEGF pathway inhibitors might provide a reasonable approach to these tumors, and are the subject of ongoing preclinical studies. To date, no clinical trials have been reported using targeted agents in patients with SDHB-deficient tumors.
TUBEROUS SCLEROSIS
Tuberous sclerosis is an autosomal dominant disease characterized by multiple solid organ hamartomas, developmental delay, and epilepsy [54] . TSC1 encodes hamartin and TSC2 encodes tuberin, which form a heterodimer that acts as a GTPase-activating protein for Rheb, a Ras-family GTPase that activates mTORC1 [55] . The TSC1-TSC2 complex promotes stabilization of Rheb-GDP, and consequent inhibition of mTOR activity. TSC1-deficient and TSC2deficient tumors exhibit increased phosphorylation of p70S6 kinase, S6 ribosomal protein and 4E-BP1, downstream effectors of mTORC1 activation, and key components in the initiation of mRNA translation and protein synthesis [56] . The tuberous sclerosis genes TSC1 and TSC2 are also involved in the AMPK-mTOR nutrient and energy sensing pathway [56] .
Renal lesions occur in 60-80% of tuberous sclerosis patients and include angiomyolipomas (AML), cysts, and RCC [57] . RCC has been reported in 1-4% of tuberous sclerosis patients, and although the overall incidence parallels that of RCC in the general population, patients with tuberous sclerosis and RCC are younger (average age 28 years) [57] . Although ccRCC is the predominant malignant histologic subtype, other histologies have also been reported in this population [58] .
On the basis of the activation of the mTORC1 pathway in patients with tuberous sclerosis, a recent multicenter phase II trial of sirolimus was undertaken in 36 patients with tuberous sclerosis and AML [59 & ]. Sirolimus use was associated with acceptable toxicity and resulted in an overall response rate of 44%, with 16 patients achieving a partial response, and a mean decrease in renal AML size of 29%. Interestingly, although AMLs regrew when sirolimus was discontinued, responses tended to persist if treatment was continued [59 & ]. To date, there are no clinical trials assessing mTOR inhibition in ccRCC or other variants specifically in tuberous sclerosis patients.
CONCLUSION
Targeted systemic therapies continue to be the mainstay for the management of metastatic RCC, although properly selected patients may greatly benefit from high-dose interleukin-2. With six approved agents for ccRCC currently available, kidney cancer specialists should continue to focus their efforts on identifying logical, efficacious, and tolerable drug combinations as well as optimal drugsequencing strategies. Mechanism-based therapeutic interventions are becoming more realistic in nonclear cell variants as we begin to unravel the diverse molecular mechanisms underlying these tumors. In addition to standard survival endpoints, symptom scores such as the FKSI and FKSI-DRS should be considered for incorporation into new trials so that disease-specific quality of life outcomes can be better understood.
